3D Printed UWB Microwave Bodyscope for
Biomedical Measurements

S. Rashid, L. Jofre, Fellow, IEEE, A. Garrido, G. Gonzalez, Y. Ding, Senior Member, IEEE, A. Aguasca, J.
O’Callaghan, Senior, IEEE and J.Romeu, Fellow, IEEE

Abstract—TIn this letter a 3D printed compact UWB extended
gap ridge horn (EGRH) antenna designed to be used for
biological measurements of the human body is described. The
operational frequency covers the microwave band of interest
from 0.5 to 3.0 GHz (for a Si; under -7dB). The 3D printed
EGRH antenna is dielectrically matched to the permittivity of the
human body and because of its compactness it can be visualized
as a general purpose microwave probe among the RF biomedical
community. The probe has proven its capability as a pass-through
propagation sensor for different parts of the human body and
as a sensor detecting a 1 cm diameter object placed inside an
artificial head phantom.

Index Terms—3D printed, biological measurements, mi-

crowave, DRH antenna, compact antenna, UWB.

1. MOTIVATION

ICROWAVE technology has shown promising potential

in medical diagnostic methods because of its non-
invasive, non-ionizing and penetrating characteristics. Biomed-
ical applications employing microwave technology range from
monitoring vital signs [1] to sensing and imaging tissue
abnormalities such as breast cancer and brain stroke’s [2]-[4].
When designing antennas at microwave frequency bands
for human body measurements, challenges arise in terms
of dimension, bandwidth and radiation properties. Typically,
unidirectional wideband antennas are required, moreover size
reduction allows compact multisensor imaging devices [5].
A technique to achieve both compactness and matching is
immersing antennas in a high permittivity media, thus reducing
its dimensions and improving the matching between the radi-
ator and the biological target [6]. High permittivity materials
such as water [7], [8] or canola oil [9] have been proposed
as immersive matching liquids. However, using liquids inside
plastic or glass containers increases the overall volume of the
measurement setup and difficults maintaining regular clinical
sanitation of the liquid. An alternative approach is to develop
applicators that are matched directly to the human body i.e.
by placing them in direct contact. Good examples of such
antennas include [10]-[12]. In [10] a 1.8 to 12GHz UWB
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microwave sensor contained into a cylindrical waveguide and
loaded with epoxy is presented. For biomedical ultrawideband
radar applications, a dielectrically scaled double ridged horn
antenna made completely out of high dielectric constant sin-
tered ceramic is developed in [11]. [12] reports a 3 to 10 GHz
TEM horn antenna embedded in a solid dielectric material for
near-field microwave imaging based on aperture raster scan-
ning. Usually the antennas feature acceptable performance, but
they are bulky and complex to fabricate.

In this paper, we aim at developing a physically small-
sized antenna with an idea that resembles to a microwave
bodyscope [13] (an adaptation of the stethoscope concept
normally used with sounds) and covers the frequency band
of recent interest from 0.5 to 3.0 GHz. For this purpose, an
UWRB antenna is filled with a high permittivity material. For
the antenna, a double ridged horn is selected because of its
simple structure, its convenience to be filled with a liquid gel
type material and the increase of the critical height of the ridge
gap dimensions when filled with high dielectric materials.
Thus, the antenna may be seen as an increased (extended)
gap ridged horn (EGRH) geometry. As the gap height of the
EGRH antenna when filled with a high permittivity material
has feasible dimensions, it has been chosen 3D printing as
the fabrication technique. The proposed EGRH antenna may
be compared to the Microwave Sthetoscope [14], [15], a very
compact design optimized for a close frequency band (0.7 to
1.5GHz) mainly intended for in-vivo reflectometry for vital
signals, designed to have certain focusing capability inside the
human body at the price of a non-planar geometry.

This paper is organized as follows: Section II introduces the
medium characterization and the antenna design procedure.
Section III presents the fabrication steps. Section IV reports
measurements to verify performance and test the feasibility
of the microwave antenna experimentally on different parts of
the human body and on an artificial head phantom. Finally,
concluding remarks are given in Section V.

II. DESIGN PROCEDURE

As stated, the microwave probe is designed to come in direct
contact with the human body and achieves a wide operating
frequency bandwidth from 0.5 to 3.0 GHz (for a S7; under
-7dB). The relative permittivity of the filling material has
been chosen to be 50. This is a compromise to match the
average permittivity of the brain and that of other biological
tissues with high water content. This medium is fabricated
based on the procedure described in [16]. A bio-dielectric



material mimicking a mixture of the white and gray matter of
the human brain (white-gray mixture), was manufactured by
mixing different proportions of corn-flour, gelatin and distilled
water. An open-ended coaxial line [17] (with operational
bandwidth from 0.5 to 3.0 GHz) is used to experimentally
obtain the complex permittivity of the developed material. The
results for the complex permittivity of the white-gray mixture,
Ew-g (real part of the permittivity and conductivity) are shown
in Figure 1 and its good proximity to the real human values
obtained from [18].
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Fig. 1: Relative Permittivity and Conductivity of the fabricated
White-gray mixture compared to real human values [18].

Figure 2 illustrates the geometry of the EGRH antenna
whose dimensions after optimization are shown in Table I.
These dimensions were later adjusted with Ansoft HFSS for
the actual permittivity of the fabricated white-gray mixture for
an input impedance of 50€2. The horn consists of a waveguide-
feeding and a ridge-horn transition sections. In the waveguide
feeding point, a coaxial enters into the waveguide from the
upper ridge, and opens in the gap between the upper and lower
ridges, then it enters into a lower solid coaxial line creating the
equivalent of a symmetrical dipole backed by a short-circuited
waveguide cavity.

TABLE I: Design dimensions of the proposed EGRH antenna

Nomenclature Description Value (mm)
ap Horn Aperture Width 43.0
bn Horn Aperture Height 30.0
I Horn Length 32.0
Aw Waveguide Width 20.0
bw Waveguide Height 20.0
Lw Waveguide Length 9.0
Wy Ridge Width 3.3
h Ridge Height 6.3
gr Separation Between Ridges 3.5

Figure 3 shows the Electric Field distribution at 0.5GHz and
1.75GHz into the plane of the open-ended horn aperture and
into a transversal plane perpendicular to the aperture plane for
a wave propagating in the fabricated white-gray mixture.
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Fig. 2: EGRH antenna geometry
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Fig. 3: Simulated E-Field distribution at two different frequen-
cies into the plane of the open-ended horn aperture and into
the transversal plane.

III. FABRICATION OF THE 3D PRINTED ANTENNA

The process of fabrication is organized into two main steps:

1) 3D Printing and Metallization of the antenna following
the procedure described in [19].

2) Assembling, filling and protecting: first the coaxial cable
is inserted and fixed to the horn, then the antenna is filled
with the white-gray dielectric matching material after
applying a thin rubber coating layer. Finally, the antenna
is dipped in a thick air-dry peeling rubber coating (Plas-
tidip) providing protection against the water evaporation,
and the external conditions that could produce changes



in the permittivity of the material.

Following these fabrication steps, two antenna prototypes
were successfully manufactured and tested. Images of the
fabricated antennas are shown in Figure 4a and 4b.

(a) Fabricated 3D printed metallized antenna prototype

(b) Antenna filled with dielectric material and rubber coating

Fig. 4: Manufacturing process of the EGRH antenna

IV. EXPERIMENTAL RESULTS
A. Experimental setup description and calibration

An experimental setup has been built to validate the per-
formance of the the EGRH antenna. The setup consists on a
rectangular box (180.0 x 128.0 x 95.0 mm?) with longitudinal
and transversal dimensions close to those of an average
human head (Figure 5). Two EGRH probe antennas may work
either independently or attached into the opposite longitudinal
vertical walls of the rectangular box. Both the probes and the
box are filled with the fabricated white-gray mixture material.
The setup is used to measure first the performance of the
two probes and then as a phantom of the human brain to
conduct a set of measurements such as propagation losses and
reflectometric location. To perform these measurements, the
EGRH antennas are connected to an Agilent ESO71C Vector
Network Analyzer to measure and calibrate the reflection (511)
and transmission (S21) parameters.

B. Propagation losses into biological human media

Based into the previous calibration, different propagation
measurements have been conducted to explore the capabilities
of the different microwave frequencies to propagate through
different body parts and to extract the corresponding atten-
uation losses. When performing wireless measurements, the
transmission coefficient S5q, the ratio between the received

(P,) and transmitted (F;) power, may be related to the
propagation values as:
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Where A, is the effective area of the EGRH horn antenna,
rrr is the distance between the two transmitting and receiving
antennas, ). is the wavelength inside the propagation medium,
o is the vacuum velocity of light, f the operating frequency
and v, (f) the losses into the medium. When using medium-
gain antennas, having an aperture that may be considered
electrically large enough (anb, > A?), it may be accepted
that A, = constant with frequency. From Eq. 1, it may be
then seen that for a given rpr when the frequency increases

the |521|2 =

increment of losses with frequency (o, (f)). Using the two
calibrated probe antennas, four different measurements have
been performed (setup box with white-gray mixture material,
and a human head, neck and thorax) and the corresponding
am(f) losses have been extracted using Eq. 1. Figure 6
represents the measured S1; for the EGRH antenna radiating
into the rectangular box (Figure 5). The difference between the
simulated and the measured values, especially above 1.5GHz
are basically due to the difference between the intended per-
mittivity values for the white-gray mixture and the fabricated
ones (as seen in Figure 1), resulting into real values just below
-7dB. Figure 7 depicts the experimental transmission S12
(frequency upper limit fixed by the actual noise level) through
three different human parts (brain, neck, thorax) measured on
a real young human volunteer, where it may be seen how
propagating through thick parts of the human body above
2GHz may imply overcoming losses above 80dB. Finally,
Figure 8 shows the corresponding attenuation values in dB/cm.
The measured values approach well those presented in the
literature. As an example, the values for the brain losses,
both theoretical [20] and experimental [5], published in the
literature, with average losses at 1GHz of 1.8 to 2.0dB/cm,
match quite well (5% error) the values depicted in Figure 8
(2.1dB/cm).

P,
Fr may have a compensatory effect with the

Fig. 5: Phantom (180.0 x 128.0 x 95.0 mm?) printed and
filled, with the EGRH antennas.
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Fig. 6: Reflection Coefficient of the EGRH antenna in the

Phantom Box.
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Fig. 7: Transmission Coefficient of the EGRH antenna in the

Human Body.

C. Reflectometry location into biological human media

A second test of the potential of the probes, was to study
their capability to detect a scattering object located at different
depths inside the biological material. With this in mind, a
metallic 1cm diameter cylinder is located inside the rectan-
gular phantom box at successive distances of 2.5, 5.0 and
10.0cm from one of the probes. After calibrating the VNA,
the reflection coefficient S1; is measured in the frequency
domain for each location of the metallic cylinder, and the FFT
was computed and time to distance converted to determine the
position of the object (Figure 9) showing a very good accuracy
for the location of the scattering object. The different values
of the corresponding amplitudes match with the actual losses
into the medium.

V. CONCLUSION

A compact 3D printed microwave probe (compact
bodyscope) for the estimation of the propagation losses and
reflectometry inside a biological medium is presented. The
proposed EGRH antenna attains an UWB 1:6 bandwidth, com-
pact volume (width x height x length 43 x 30 x 41 mm?) and

oy |

4t
B
— 3
[nal
=
=
o,
% 2 - ". -
=] PR [ r
MSTE —— White-Gray Matter

= = = Brain
«Neck
mamem Thorax

1.5 2 2.5

Frequency (GHz)

Fig. 8: Measured (EGRH) losses (dB/cm) of the white-gray
matter (Phantom Box), and real brain, neck and thorax of the
human volunteer.

........... 2.5 cm
- CIIL

— L cm ||

b

Amplitude

25 5 10 15 20 25 30
Position {cm)

Fig. 9: Time-distance experimental amplitude response ex-
tracted from the Reflection measurements showing the capa-
bility to detect a metallic object embedded inside of the white-
gray matter phantom box at three different positions (2.5, 5
and 10cm)

unidirectional radiation towards the biological target (above
90%), which is well suited for a general purpose biomedical
antenna probe. The performance of these microwave probes
has been experimentally tested by obtaining the propagation
losses for different parts of the human body and by detecting
an object in an artificial head phantom for depths up to 10
cm. The bodyscope probe may be used into preclinical trials
to show real assessment for human or animal bio-medical
microwave tests. Future work may involve using the developed
microwave probes in a multi-probe array format for microwave
imaging.
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